INTRODUCTION
Chronic inflammatory infiltrates containing predominantly monocytes and lymphocytes are a characteristic feature of the cellular immune response (1) . Such infiltrates are also commonly seen in association with the fibrosis consequent to chronic inflammation. In progres-and visceral fibrosis with mononuclear cell infiltration has been observed, although not emphasized (2) (3) (4) (5) (6) (7) (8) (9) (10) .
Vascular changes are regularly seen in PSS, Raynaud's phenomenon is very commonly present (11) , and the vascular capillary bed may be strikingly reduced (12) . However, a relationship between reduced skin blood flow and clinical sclerodermatous alterations has not been established (13) .
A variety of pathogenetic, nonimmunological mechanisms have been suggested for the fibrosis of PSS, by analogy with other diseases in which abnormal fibrosis occurs. Among these diseases are phenylketonuria and the carcinoid syndrome. Studies in scleroderma patients have, however, revealed normal levels of urinary phenylalanine and its metabolites (14) and normal urinary excretion of serotonin degradation products (15) . Similarly the vasospastic features of PSS, exemplified by the high incidence of Raynaud's syndrome, have suggested the possible pathogenetic influence of excessive circulating epinephrine or norepinephrine. Recent studies, however, have failed to show evidence of enhanced catecholamine production or excretion in PSS (16) .
Autoantibodies are commonly observed in PSS. Antinuclear antibodies with either the speckled (17) (18) (19) (20) or nucleolar pattern (21) are seen most frequently. Anti-PSS patients (2) (3) (4) (5) (6) (7) (8) (9) (10) 29) . In rats with graft-versus-host disease, Stastny et al. (30) have observed sclerodermalike changes in the skin. A recent indication of the participation of abnormal cellular immunity in PSS has been furnished by Currie et al. (31) , who observed that lymphocytes from PSS patients with myositis produced cytopathic alterations in fibroblast cultures.
In the present studies, normal human peripheral blood mononuclear cells have been stimulated with phytohemagglutinin (PHA) -P to produce lymphokine-rich (32) supernates, and the effect of these supernates on collagen synthesis has been examined in vitro. In appropriate dilution, enhanced collagen synthesis and accumulation in cultures of human fibroblasts have been observed, suggesting the presence of a fibroblast-stimulating factor in lymphokine-rich supernates.
METHODS
Preparation of active lymphokine-containing supernates. The procedures utilized for the preparation of active supernatants (AS) by PHA (33) .
The mixture of lymphocytes and monocytes thus obtained contained less than 1% polymorphonuclear leukocytes. The cells were washed three times in RPMI-1640 medium (Grand Island Biological Co., Grand Island, N. Y.), containing in the first two washes 0.3 mM disodium-EDTA. They were then counted and divided between two groups of tubes. Each contained 5 X 10' mononuclear cells resuspended in 1 ml of RPMI-1640 containing 2 mM of glutamine, 90 jug of streptomycin, and 100 ,ug of aqueous penicillin. In some instances, human serum albumin (Hyland Div., Travenol Laboratories, Inc., Costa Mesa, Calif.) was added to a final concentration of 0.2%o. One group of tubes then received 40 ,l of PHA dissolved in Hanks' balanced salt solution (HBSS), and the other group received HBSS alone. All tubes were then incubated at 37°C in an atmosphere of 95% air and 5% C02 for 1-1.5 h. To minimize the PHA content of the resulting AS, the cells were then washed three times and resuspended in medium 199 (Grand Island Biological Co.), containing 2 mM glutamine, 100 U/ml potassium penicillin G, and 90 ug/ml streptomycin. After incubation for 72 h, in the case of donors 1 and 3, or for 48, 72 , and 120 h, in the case of donor 2, the supernates were removed by aspiration. At the conclusion of the incubation, the mononuclear cells were resuspended in 1 ml of RPMI-1640 with glutamine, 10%o fetal calf serum (FCS), penicillin, and streptomycin, and pulse-labeled with 1 ,uCi/ culture of tritiated thymidine (Tdr) ([methyl-`H] thymidine, New England Nuclear, Boston, Mass. NET-027x) for 2 h. The nucleic acids were then extracted as previously described (34) .
The mononuclear cell supernates were centrifuged, pooled, and passed through Millipore filters (Millipore Corp., Bed- Target cell system. Human embryonic lung fibroblasts, WrI-38 (38) (HEM Laboratories, Rockville, Md.), were obtained in confluent monolayers in Leighton tubes. The fibroblast monolayers received from the supplier varied in number of passages. No systematic investigation of responsiveness of the cultures to lymphocyte supernates based on passage number was performed, but on several occasions cultures from late passages spontaneously detached before the completion of the experiment. These experiments were not further evaluated. In vitro assays for the effects of mononuclear cell supernates upon these target cells were initiated in most cases on the 5th and 7th day after seeding of the cultures. Cultures were maintained until initiation of the assays in RPMI-1640 with supplement A, which reconstituted the medium to contain 20 mM Hepes buffer, 5 jug/ml ascorbic acid, 0.04 ,g/ml methyl prednisolone, 10%o inactivated FCS (Gibco), 1 ,&g FeSO4 7 HO/ml, 2 mM glutamine, 100 U penicillin/ml, and 90 ,ug streptomycin/ml. Preliminary experiments demonstrated that FCS was essential for significant collagen synthesis. With 10% serum, collagen synthesis was enhanced by the addition of methyl prednisolone. Higher concentrations of methyl prednisolone were inhibitory. 2-4 h before assay, the fibroblast monolayers were washed three times. In experiments in which incorporation of [0C] proline was not measured, the washed cells were then incubated with RPMI-1630 containing supplement A so as to provide an hydroxyproline-free medium. When the incorporation of [14C] proline into protein was assayed, or when collagen content was measured by collagenase digestion, minimal Eagle's medium (Gibco) with supplement A was used, since this medium lacks-bothproline and hydroxyproline. (45) with lactoperoxidase (Calbiochem).
To 20-ml volumes of 72-h AS and CS supernates, 25 ,ul of Effect of PHA-P (40,ul/ml) upon collagen accumulation by human WI-38 fibroblasts. Fibroblast supernates were precipitated with 5% TCA and 0.5% tannic acid and hydrolyzed in II-PHA/ml were then added, containing a total of 305,875. cpm. The supernates were each mixed with 40 ml of a rabbit anti-PHA immunoabsorbent in which the PHA was covalently linked by cyanogen bromide to Sepharose 4B, as described by Cuatrecasas et al. (37) , and allowed to incubate for 2 h at 6°C. Each supernate was then added to the top of a presettled column containing 20 ml of the immunoabsorbent. After collection of the void volume, the effluents, including one column volume of eluant (HBSS containing 1% Carbowax) were recovered and pooled. The pooled effluents were then dialyzed against sterile water, lyophilized, and reconstituted to the original 20-ml volume in RPMI-1630. A portion of each was counted in a gamma counter (Tracerlab Div., LFE Electronics, Richmond, Calif.). The columns were then washed with three column volumes of saline and eluted with three column volumes (180 ml total) of pH 3.0, 0.1 M glycine-HCl buffer. The pooled effluent was then dialyzed against water, lyophilized, and reconstituted to 20 ml in saline, and a portion was counted in a gamma counter. RESULTS Preparation of active and control supernates. Lymphokine-rich AS's and CS's were generated by exposure of peripheral blood mononuclear cells to PHA or HBSS (Fig. 1) . In these experiments the PHA-containing RPMI-1640 medium was left in contact with the cells for 90 min, after which the cells were washed and the medium was replaced. The supernates, after incubation, were then further processed by immunoabsorption to remove trace amounts of PHA. The necessity of this step is demonstrated in Table I , in which the effects of PHA upon collagen synthesis are examined. In this experiment, the incorporation of ["C] proline into col- assay proliferation. A third set of fibroblasts was washed in warm HBSS, hydrolyzed in 6 N HCl, and assayed for hydroxyproline content to determine cellular and insoluble collagen. It can be seen that with undiluted AS and CS from donor 1 (Table IV) , cellular proliferation and noncollagenous protein accumulation were markedly reduced while the collagen content, expressed as hydroxyproline content of the AS-treated monolayers, was larger than that of the CS-treated monolayers. The enhancement of collagen content was significantly increased (P <0.005) when the supernate was diluted 1:4. As a readily apparent loss of cells from the monolayers treated with AS was seen through the inverted microscope, it appeared that decreased numbers of surviving cells were accumulating collagen in increased amounts. The decrease in fibroblasts was indicated by gaps in the cellular mat. Such decreases were regularly seen in fibroblast cultures in the presence of dilutions of AS of 1 :16 or less. These cells could not actually be counted because many of the fibroblasts remaining in the AStreated tubes, particularly in lower dilutions, were very fragile when resuspended.
In another experiment, more dilute preparations of AS and CS (donor 1) were used in a schedule designed to resemble the sequence of events in an inflammatory reaction. In this experiment an initial, relatively high concentration of AS and CS was diluted daily over 6 Table VII as nonadherent mononuclear cells. These were then divided into lots of 5 X 10s lymphocytes/tube in 1.0 ml of medium 199. In another series of tubes, 5 X 10' mononuclear cells, separated by the Hypaque-Ficoll method only, were suspended in 1 ml of medium 199. These are referred to in Table VII as whole mononuclear cells. These two cell populations were then each divided into two groups, one receiving PHA made up in HBSS and the other only HBSS. Cultures were incubated for 1.5 h and then, after the washing out of unbound PHA, they were incubated for 120 h more in medium 199. At intervals of 48, 72, and 120 h the supernates were removed and fresh medium containing 0.2% human serum albumin was substituted. After 120 h the cells were labeled with [8H]Tdr for 1 h after being resuspected in 1 ml each of RPMI-1640 containing 10% inactivated PCS. The ratios of [3H]Tdr incorporation of the stimulated to unstimulated cultures are given in Table VII . The relatively low stimulation ratios observed reflect previous findings (49) that continuous presence of PHA is necessary for maximum stimulation; and as is well established, maximal stimulation indices occur at 48-72 h with PHA (50). The supernates from these cultures were then treated by batch Table VII . § Calculated as in Table VIII. cells produced a greater increment in collagen accumulation. This suggests that, as in the production of the lymphokine, lymphotoxin (51), the cooperative interaction of adherent cells, and T-lymphocytes may promote synthesis or release of the factor enhancing collagen accumulation.
In the next group of experiments, the effects of AS and CS prepared from whole mononuclear cell populations upon soluble and insoluble collagen accumulation in the fibroblast cultures were assayed during a 4-h labeling interval, indicated in Table IX . AS and CS (donor 1), diluted 1: 12, were added to fibroblast monolayers. Four tubes in each of the experimental and control groups were pulse-labeled with [14C]proline during this labeling interval. Increases in collagen accumulation were observed in both the supernate (P < 0.058) and the insoluble and cellular fractions (P <0.01).
Effects of AS and CS upon collagen degradation. Inasmuch as the '4C-amino acid-labeled collagen measured in these studies represented the difference between synthesis and degradation (52) , an experiment was performed in which WI-38 fibroblasts were prelabeled for Table VIII. 19 h with 4 u,Ci of [14C]proline/tube. Excess cold proline and hydroxyproline were then added to stop further incorporation of label, and AS and CS (donor 1) in RPMI-1640 were then added to the labeling medium to a final dilution of 1: 12. The mixtures were then incubated for 4 h. The results of this study are shown in Table X . The values reported, which represent the TCA-tannic acid-precipitable counts remaining at the end of this 4-h period, were determined on the entire contents of each of six Leighton tubes containing either AS or CS (both 1: 12), thereby combining the supernate and monolayer contributions. No significant difference between AS and CS-treated cultures was noted, confirming by this assay that AS did not act by impairing degradation of collagen. Since the effect of the active factor in the AS might be reflected in the degree of hydroxylation of proline within the synthesized collagen, a final group of experiments was carried out in which the total [14C] proline and [1'C]hydroxyproline incorporated into supernate and monolayer collagen was measured. In these experiments correction was also made for the fibroblasts surviving at the end of the 4-h labeling period. Highly purified collagenase was added to portions of total TCA-tannic acid-precipitable protein from radiolabeled fibroblast supernates and monolayers and assayed by the method of Peterkofsky and Diegelmann (42 20% portion of suspended fibroblasts, the remaining fibroblasts were combined with washes from the parent Leighton tubes with 0.5 N NaOH in a total volume equal to that of the fibroblast suspension. The mixture was then processed by TCA-tannic acid precipitation and subsequent collagenase digestion. The CS were similarly processed without the addition of NaOH. The results for the fibroblast monolayers and supernates are shown in Table XI . Table XI shows that there were fewer viable AStreated fibroblasts at the end of the assay period. There was no difference in the total 14C-radioactivity content of the portions subjected to collagenase digestion. There was a small, but not significant, decrease in the monolayer collagen, as measured by collagenase solubilization of "4C-radioactivity of proline and hydroxyproline. However, when these values were corrected to reflect the collagen accumulation per cell at the time of assay, i.e., during the 45th through 48th h, there was a significant enhancement of collagen accumulation in the AS-treated fibroblast monolayers. Similar results are demonstrated more strikingly in the case of the soluble or supernate collagen of this experiment, both without and with correction for viable fibroblasts at the end of the experiment. It is noteworthy here that significantly greater accumulation of collagen was found in the AS-treated fibroblasts when expressed as the total amount of collagen solubilized by collagenase, in spite of the lower numbers of cells surviving in these cultures.
DISCUSSION
There is considerable evidence for abnormal collagen accumulation in PSS (2) (3) (4) (5) (6) (7) (8) (9) (10) . In this disease, normally Lymphokine Stimulation of Collagen Accumulation of chick fibroblasts in tissue culture. Castor and coworkers (56-59) have described a "connective tissueactivating peptide" found in normal and variously stimulated leukocytes as well as in inflammatory lesions such as the cotton pellet granuloma. This factor increases the metabolic activity of human fibroblasts in tissue culture, including glycosaminoglycan secretion. However, collagen formation by cultured fibroblasts was decreased (58, 59) . The depressant effect on fibroblast numbers, previously noted with PHA-treated lymphocytes and PHA alone (58) , may have obscured any enhanced accumulation of collagen, such as observed in the present report in the presence of appropriately diluted supernates of PHA-stimulated lymphocytes from which the PHA had been previously removed by immunoabsorption.
In another pertinent recent observation, Sisson et al. (60) showed stimulation of the production of glycosaminoglycan when retrobulbar fibroblasts were exposed to lymphocyte lysates. This activity was somewhat enhanced when the lymphocytes had been treated with PHA. However, lymphocyte supernates were not tested and collagen synthesis was not examined. The appearance of increased collagenous tissue in association with mononuclear infiltrates in retrobulbar connective tissue and muscle in Graves' disease (61) and in the liver in portal (62) , postnecrotic (63) , and biliary cirrhosis (64) , and chronic hepatitis (64) are, however, welldocumented phenomena.
Mitogens such as PHA are potent lymphocyte stimulators, causing cellular transformation and the release of a number of mediators of cellular immunity or lymphokines (65) . In the studies reported here, lymphokinerich supernates have been generated by PHA stimulation of normal human peripheral blood mononuclear cells. A direct inhibitory effect of PHA on collagen synthesis by fibroblasts was observed. This inhibition of collagen synthesis was obviated by immunoabsorptive removal of PHA from the supernates utilized. By suitable dilutions of these supernates, it was possible to show that enhanced collagen accumulation occurred when human embryonic lung (WI-38) fibroblasts were incubated with the lymphokine supernates. This activity was demonstrated in spite of the inhibitory lymphokine activities of lymphotoxin, proliferation inhibitory factor, and cloning inhibitory factor known to be present in such supernates.
Enhanced collagen accumulation was evidenced in three types of experiments. In the initial experiments the content of cell-associated and insoluble collagen in monolayers was assayed by a spectrophotometric analysis of hydroxyproline content. In a second type of assay, the incorporation of ["C]proline into TCA-precipi- (44) . This experiment sug-gests that the enhanced collagen synthesis observed was the product of selected surviving fibroblasts.
LeRoy has recently reported (66) that fibroblasts isolated from scleroderma skin lesions produced greater quantities of collagen than isolates from normal skin. This finding is not incompatible with the possibility that lymphokines may select from a normal heterogenous population of fibroblasts a subpopulation that produces increased amounts of collagen.
The factor in the lymphokine-containing supernates that produced enhanced collagen accumulation was nondialyzable. It was produced in the absence of serum in the stimulating medium and was stable upon lyophilization and storage at -70°C in either 1% Carbowax 6000 (donor 1 and donar 3 preparations) or 0.2% albumin (donor 2). It was detectable in dilutions of PHA-stimulated mononuclear supernates as high as 1: 16 and was produced by purified populations of peripheral blood mononuclear cells consisting of lymphocytes and monocytes. This activity, for which we suggest the name fibroblast-stimulating activity, appears to have important implications in the development of fibrosis consequent to chronic inflammation. It may be especially significant in the fibrosis of PSS.
